View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by UCL Discovery

CLINICAL TRACK

Hypertrophy Regression with N-AcetyLcysTeinein Hypertrophic CardioMyopathy
(HALT-HCM): A Randomized Placebo Controlled Double Blind Pilot Study

Ali J. Mariant, Yanli Tan?, Lili Li?, Jeffrey Chang?, Petros Syrris?, Manouchehr Hessabi®, Mohammad H.
Rahbar?, James T. Willerson?, Benjamin Y. Cheong?, Chia-Ying Liu®, Nea S. Kleiman’, David A.
Bluemke ®, Sherif F. Nagueh’

Center for Cardiovascular Genetics, Brown Foundation Institute of Molecular Medicine, The University
of Texas Health Science Center and Texas Heart Institute, Houston, TX; 2Institute of Cardiovascular
Science, University College London, London, UK ; Biostatistics/Epidemiol ogy/Research Design (BERD)
Component, Center for Clinical and Translational Sciences (CCTS), University of Texas Health Science
Center at Houston, Houston, TX, USA; “Department of Epidemiology, Human Genetics, and
Environmental Sciences (EHGES), Division of Clinical and Trangdlational Sciences, Department of
Internal Medicine, and Biostatistics/Epidemiology/ Research Design (BERD) Component, Center for
Clinical and Trandlational Sciences (CCTS), University of Texas Health Science Center at Houston,
Houston, TX, USA; 5Johns Hopkins Hospital, Baltimore, MD; ®Department of Radiology, University of
Wisconsin School of Medicine and Public Health, Madison, WI, 53792, and; ‘Methodist DeBakey Heart
and Vascular Center, Houston, TX 77030.

Running title: NAC and Cardiac Hypertrophy and Fibrosisin HCM

Subject Terms:
Cardiomyopathy
Clinical Studies
Heart Failure
Hypertrophy

8T0Z ‘¥T Yo IN U0 NVIMVIN 1TV Aq Bioseuinofeyesainlpy/.duy wouy papeojumod

Address correspondence to:

Dr. AJMarian

Brown Foundation Institute of Molecular Medicine
The University of Texas Health Sciences Center
6770 Bertner Street, Suite C900A

Houston, TX 77030

Td: 713 500 2350

Fax: 713 500 2320

Ali.J.Marian@uth.tmc.edu

In February 2018, the average time from submission to first decision for all original research papers
submitted to Circulation Research was 12 days.

This manuscript was sent to Buddhadeb Dawn, Consulting Editor, for review by expert referees, editorial
decision, and final disposition.

DOI: 10.1161/CIRCRESAHA .117.312647 1


https://core.ac.uk/display/154748516?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

8T0Z ‘vT UORIN UD NV IV 1TV Aq /BI0'S[euinofeue'sasoa10//:dny woly pepeojumod

ABSTRACT

Rationale: Hypertrophic cardiomyopathy (HCM) is a genetic paradigm of cardiac hypertrophy. Cardiac
hypertrophy and interstitial fibrosis are important risk factors for sudden death and morbidity in HCM.
Oxidative stress is implicated in the pathogenesis of cardiac hypertrophy and fibrosis. Treatment with anti-
oxidant N-acetylcysteine (NAC) reverses cardiac hypertrophy and fibrosis in animal models of HCM.

Obijective: To determine effect sizes of NAC on indices of cardiac hypertrophy and fibrosis in patients with
established HCM.

Methods and Results: Hypertrophy Regression with N-AcetyLcysTeine in Hypertrophic CardioMyopathy
(HALT-HCM) is a double blind randomized, sex-matched, placebo-control single center pilot study in
patients with HCM. HCM patients, who had a left ventricular wall thickness of >15 mm, were randomized
either to a placebo or to NAC (1:2 ratio, respectively). NAC was titrated up to 2.4 g per day. Clinical
evaluation, blood chemistry, and six-minute walk test were performed every 3 months, and
electrocardiography, echocardiography, and cardiac magnetic resonance imaging (CMR), the latter
whenever not contraindicated, before and after 12 months of treatment. 85 out of 232 screened patients met
the eligibility criteria, 42 agreed to participate; 29 were randomized to NAC and 13 to placebo groups.
Demographics, echocardiographic, and CMR phenotypes at the baseline between the two groups were
similar. Whole exome sequencing in 38 patients identified a spectrum of 42 pathogenic variants in genes
implicated in HCM in 26 participants. Twenty-four patients in the NAC and eleven in the placebo groups
completed the study. Six severe adverse events occurred in the NAC group but were considered unrelated
to NAC. The effect sizes of NAC on the clinical phenotype, echocardiographic, and CMR indices of cardiac
hypertrophy, function, and extent of late gadolinium enhancement, a surrogate for fibrosis, were small.

Conclusions: Treatment with NAC for 12-months had small effect sizes on indices of cardiac hypertrophy
or fibrosis. The small sample size of the HALT-HCM study hinders from making firm conclusions about
efficacy of NAC in HCM.

Clinical Trial Registration: NCT01537926
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Nonstandard Abbreviations and Acronyms:

CADD Combined annotation dependent
CMR Cardiac magnetic resonance imaging
CVA Cerebrovascular accident

ECV Extracellular volume fraction

EDV End diastolic volume

HCM Hypertrophic cardiomyopathy

ITT Intention to treat

LGE Late gadolinium enhancement
LVED Left ventricular end diastolic

LVMI Left ventricular mass indexed to body surface area
NAC N-acetylcysteine

NYHA New York Heart Association

PP Per protocol

SCD Sudden cardiac death

SNV Single nucleotide variants

WES Whole exome sequencing
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INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a hereditary disease of the myocardium caused mainly by
mutations in genes encoding sarcomere proteins. ' It is an important cause of sudden cardiac death (SCD)
in the young and a major cause of morbidity in older individuals, primarily because of cardiac arrhythmias
and heart failure with preserved ejection fraction. ' HCM is clinically diagnosed by the presence of
unexplained left ventricular hypertrophy and pathologically by the presence of myocyte disarray and
interstitial fibrosis. ' Cardiac hypertrophy is the quintessential clinical phenotype of human HCM and an
important determinant of mortality, morbidity and the risk of SCD. ** Likewise, interstitial fibrosis has
been associated with clinical events, including cardiac arrhythmias in HCM. *° Current pharmacological
therapies are not effective in preventing, attenuating, or reversing cardiac hypertrophy and fibrosis in HCM.

Genetic and pharmacological interventions in animal models of HCM have established the potential
for reversibility of cardiac hypertrophy and fibrosis. '°'> N-acetylcysteine (NAC) is a precursor to
glutathione, which is the most abundant intracellular thiol pool against oxidative stress in the body.
Treatment with NAC has been shown to reverse established cardiac hypertrophy and fibrosis in independent
studies in animal models of HCM. '>"'" Treatment with NAC also attenuates cardiac hypertrophy induced
by pressure overload, administration of angiotensin II, and altered myocardial metabolism. '**° The
beneficial effects of NAC in models of cardiac hypertrophy and dysfunction are in accord with the important
roles of oxidative stress-responsive signaling pathways, myocardial metabolism, and oxidative
modification of myofilament proteins in the pathogenesis of cardiac hypertrophy. '’ '*2° Extensive clinical
use and safety profile of NAC in humans and the results of the experimental studies in the animal models
of HCM, identify NAC as an attractive agent for potentially attenuating and reversing cardiac phenotypes
in human patients with HCM. The purpose of this feasibility study, dubbed as “Hypertrophy Regression
with N-AcetyLcysTeine in Hypertrophic CardioMyopathy (HALT-HCM)” was to determine recruitment,
accrual, retention and compliance rates, tolerability, safety, and side effects, as well as the effect sizes of
NAC on the indices of cardiac hypertrophy and fibrosis in patients with HCM.

METHODS

Institutional Review Board of the University of Texas Health Science Center approved the study. Each
participant signed a consent form. The study was registered at the ClinicalTrials.gov web site
(NCTO01537926). Anonymized data that support the findings of this study are available from the
corresponding author upon reasonable request
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Eligibility criteria.

Eligibility criteria are described in Table 1. In brief, adult patients with an established diagnosis of HCM,
defined as primary cardiac hypertrophy with a left ventricular end diastolic (LVED) wall thickness of >15
mm on a 2-dimensional echocardiogram, non-dilated LV cavity, and preserved LV systolic function, were
considered eligible. Those allergic to NAC, a recent history of septal ablation or plan to undergo myectomy
in the near future, known phenocopy conditions, and concomitant diseases were excluded. Patients with
devices, such as pacemakers and cardioverter/defibrillators (ICDs) and those expected to receive a device
during the course of the study were excluded from the CMR part of the study.

TABLE
Eligibility Criteria
Inclusion criteria:

preserved LV systolic function on a 2D echocardiogram
Exclusion criteria:
0 Hypersensitivity to NAC
0 Individuals younger than 18 years old
0 Known phenocopy conditions
(o]

myectomy

o

0 Patients with advanced atrioventricular block or severe bradycardia
0 Patients with serious ventricular arrhythmias

0 Known causal mutations but an LVED wall thickness of <15 mm

0 Patients with concomitant diseases

coronary arteries (if known)
0 Valvular heart diseases (more than mild aortic stenosis and mitral regurgitation
measurements at rest)
0 Pregnant women, nursing mothers and those who plan pregnancy during the study period
0 Patients with active asthma

such as pacemakers and ICDs

0 Established diagnosis of HCM, defined as the presence of primary cardiac hypertrophy with a
left ventricular end diastolic (LVED) wall thickness of >15 mm, a non-dilated LV cavity, and

History of (with the last 6 months) or planned transcatheter (alcohol) septal ablation or surgical

Patients who are likely to receive a pacemaker or an ICD implantation during the study period:

0 Coronary artery disease, defined as >70% luminal diameter stenosis in any of the major

0 Uncontrolled hypertension, defined as systolic blood pressure of >140 mmHg and
diastolic blood pressure of >90 mmHg on medication (mean values of three
0 Other significant medical problems, such as moderate to severe chronic renal failure

(GFR<45 ml/min/1.73m?), advanced liver disease, cancer, or other disabling conditions

0 Cardiac contra-indications for MRI (for CMR studies only), including patients with devices

Data management.

REDCap (Research Electronic Data Capture) tools, hosted at UTHealth, were used for collecting and
managing data. REDCap is a secure, web-based application designed to support data capture for research
studies. '

Randomization.

The study statistician prepared a block randomization schedule, which balanced the distribution of patients
in the study arms 2:1 (NAC group vs. placebo group) and with respect to patient gender. The randomization
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schedule was provided to the study pharmacist. The data manager regularly checked to ensure proper
utilization of the randomization program.

Dosing of NAC and placebo.

NAC was prepared by a compound pharmacy as 600 mg capsules along with identically appearing placebo
capsules. Active and placebo capsules were coated to minimize the distinction between the two capsules
based on odor and taste. The compound pharmacy labeled the study drug based on study identification
number and randomization. NAC was administered at 600 mg orally every 12 hours for the first 3 months
and then was increased to 1,200 mg twice per day for an additional 9 months. Thus, the total duration of
treatment with NAC or matching placebo was 12 months.

Compliance.
Compliance with the study drug was determined by counting the number of unused pills in every visit and
interviewing the participants.

Genetic analysis.
Exome sequencing was performed using [llumina sequencing platforms and analyzed by the investigators,
as described. *** In brief, the Sequence reads were mapped to the reference Human Genome version 19
(hg19). Single nucleotide variants (SNVs) and small/insertion deletion (indels) were called according to
GATK best practices pipeline (https:/software.broadinstitute.org/gatk/best-practices/). Functional
annotation of the wvariant list for each exome was performed utilizing ANNOVAR software
(http://annovar.openbioinformatics.org/). Rare variants in 19 genes (ACTC1, ACTN2, CALR3, CSRP3,
JPH2, MYBPC3, MYH7, MYL2, MYL3, MYOZ2, NEXN, PLN, PRKAG2, TCAP, TNNI3, TNNT2, TPML1,
TTN, VCL), implicated in familial HCM  (https://ghr.nlm.nih.gov/condition/familial-hypertrophic-
cardiomyopathy#genes), were manually curated. Variants meeting the following criteria were considered
pathogenic.

1) Minor allele frequency < 0.001, as reported in the Genome Aggregation Database
(http://gnomad.broadinstitute.org/);

2) Combined annotation dependent (CADD) phred score, as a measurement of relative
pathogenicity, of >10 %*; and

3) A minimum of 10 reads covering the candidate variant and the genotype quality of 99 (a Phred-
scaled confidence that the genotype assignment is correct. It is equal to 1% error rate).

Clinical evaluation.

A medical history was obtained, New York Heart Association functional class was recorded, and physical
examination was performed in every participant. The participants also completed a 6-minute walk test. A
blood chemistry panel comprised of electrolytes, BUN, creatinine, liver enzymes and lipids were obtained
at the baseline and every 3 months until the completion of the study. Twelve-lead electrocardiograms were
obtained in all participants at baseline and completion of the study.

Echocardiographic imaging and analysis.

The patients were imaged in the left lateral decubitus position with an ultrasound system equipped with a
multifrequency transducer. A complete echocardiographic study was performed per standard views.
American Society of Echocardiography/European Association of Cardiovascular Imaging (ASE/EACVI)
guidelines were applied to measure biplane LV volumes, mass, and ejection fraction (EF) as well as left
atrial maximum volume. 2 From the apical window, pulsed-wave Doppler was used to record mitral inflow
for three to five cardiac cycles at the level of the mitral valve annulus and tips. *° Pulmonary venous flow
was recorded using color Doppler guidance. Tissue Doppler (TD) was applied to record mitral annular
velocities at the septal and lateral sides of the annulus. The resulting annular velocities by pulsed-wave
Doppler were recorded for five cardiac cycles at a sweep speed of 100 mm/s. Tricuspid regurgitation
velocity was recorded by continuous wave (CW) Doppler from multiple windows and the peak velocity
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was noted. Inferior vena caval diameter and its collapse as well as hepatic venous flow were recorded from
the subcostal views. ?’ Echocardiographic measurements were performed offline (Digisonics EC, Houston,
TX) without knowledge of randomization groups, clinical and CMR findings.

Mitral inflow from tips level was analyzed for peak early (E), and late (A) diastolic velocities, E/A ratio,
and deceleration time of mitral E velocity. Mitral A duration was measured at the level of mitral annulus.
26 Pylmonary venous flow was analyzed for peak systolic velocity, peak diastolic velocity, peak amplitude
and duration of atrial reversal velocity (Ar) and the difference between Ar velocity duration and mitral A
duration or Ar-A duration. *® Mitral annulus early (e’) and late (a”) diastolic velocities were measured at
septal and lateral mitral annulus, and E/e’ ratios were computed. Measurements were averaged over three
cardiac cycles.

CMR.

1.5 T whole body imagers were utilized in all cardiac MRI studies. LV cine imaging was performed using
steady-state free precession sequences in long and short axes with temporal resolution less than or equal to
40 msec. LV structural and functional measures included LV mass, end diastolic volume (EDV), end
systolic volume (ESV), EF and stroke volume based on contours of the endocardial and epicardial contours
of the left ventricle using CMR software (Circle Cardiovascular Imaging, Calgary, Canada). T1 mapping
of the myocardium before and after 0.15 mmol/kg gadolinium contrast administration was performed.
Details of the T1 mapping method and cardiac MRI methods using methods that were described previously.
2% Briefly, T1 mapping indices including pre (native) and post-contrast T1 times at 12 and 25 minutes,
partition coefficient (A), and extracellular volume fraction [ECV=100xAx(1-hematocrit)] were assessed
using a single-breath hold modified Look-Locker inversion recovery (MOLLI) sequence. *° Late
gadolinium enhancement (LGE) images were obtained at the same slice locations as the cine images in the
short and long axis imaging planes using fast gradient echo imaging beginning 15 minutes after the
administration of the gadolinium contrast agent. Myocardial scar was defined as focal LGE either in two
adjacent short axis slices or in one short axis and a long axis image at a corresponding location. Focal LGE
was traced using QMass (version 7.2; Medis, Leiden, the Netherlands) to derive myocardial scar mass.

Endpoints.

The study was a feasibility study, designed primarily to assess the recruitment, retention, and compliance
rates, the side effects, and the effect sizes of NAC on echocardiographic and CMR indices of cardiac
hypertrophy and fibrosis. Therefore, changes in left ventricular mass index (LVMI), ventricular wall
thickness, left ventricular ejection fraction on echocardiography and CMR as well as macroscopic
interstitial myocardial fibrosis, as defined by delayed enhancement on CMR following gadolinium contrast
administration, were included as secondary end points.

Statistical analysis.

Baseline characteristics of patients randomized to the two study groups were compared. Intention-to-treat
(ITT) analysis was applied to compare the clinical, echocardiographic and CMR outcome variables. This
was complemented with the per-protocol (PP) analysis to calculate the effect sizes of NAC. For continuous
variables, normality of the distribution was tested by Shapiro-Wilk test. For continuous variable with
normal distribution groups were compared using two independent sample t test. Continuous variables with
non-normal distribution were analyzed with the Kruskal-Wallis test and categorical variables were analyzed
by the Chi Square test. Changes in outcome variables between the two time-points were analyzed using
longitudinal analyses (Mixed Models). In these models, interaction analysis was performed to determine if
the treatment effect varied by phenotype. The effect size of NAC on the echocardiographic and CMR
indices were calculated as (AP<* - ANAC)/SDPeP per Glass’s A method. ** SAS 9.4 statistical package
(SAS Institute Inc. USA) was used for data analyses.
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RESULTS
Recruitment, retention, and compliance.

A total of 232 patients with HCM were screened over a period of 3 years of whom 85 met the
eligibility criteria and 147 did not (Figure 1). The main reason for exclusion was a LV wall thickness of <
15 mm (55 patients) on the screening echocardiogram (Figure 1). Twenty-eight of the 85 eligible
individuals declined to participate and 15 did not respond to the follow-up enrollment invitations. Forty-
two participants (32 males and 10 females) signed inform consents; 29 were randomized to NAC and 13 to
placebo groups. The baseline demographics of the study population in each group are shown in Table 2.
There were no significant differences in ages, sexes, ethnic backgrounds, body mass indices, mean systolic
and diastolic blood pressures and NYHA functional classes or other clinical characteristics between the two
groups at enrollment with the exception of a history of smoking, which was higher in the NAC group.

TABLE 2

Baseline Characteristics of the Study Population

Placebo (£=SD) NAC (£SD) p Value

N 13 29
Male/Female 10/3 22/7 0.94
Age (years) (mean) 47.6 (15.1) 50.7 (15.0) 0.56
Height (cm) (mean) 173.1 (11.2) 174.3 (11.4) 0.97
Weight (Kg) (mean) 89.3 (22.9) 92.6 (19.5) 0.71
BSA (m?) (mean) 2.07 (0.32) 2.12 (0.27) 0.62
BMI (Kg/m?) (mean) 29.5(5.4) 30.4 (5.4) 0.71
Ethnic: N (%)

Hispanic 1(7.7) 4(13.8) 0.57

Non-Hispanic 12 (92.3) 25 (86.2)
Race: N (%)

Caucasian 10 (76.9) 23 (79.4)

African American 1(7.7) 4 (13.8) 0.47

Asian or Pacific Islander 2(15.4) 1(3.4)

Mixed 0 (0.0) 1(3.4)
NYHA Functional class: N (%)

Class 1 5(38.5) 16 (55.2)

Class 11 5(38.5) 11 (37.9) 0.29

Class 11T 3(23.0) 2 (6.9)

Class IV 0 (0.0) 0 (0.0)
Past Medical History (history of)
Cardiac arrest: N (%) 0(0) 1(3.4) 0.50
Atrial fibrillation: N (%) 2 (15.4) 3(10.3) 0.64
Other cardiac arrhythmias: N (%) 8 (61.5) 19 (65.5) 0.80
Syncope: N (%) 4(30.1) 8 (27.6) 0.83
ICD implantation: N (%) 3(23.1) 11 (37.9) 0.34
Diabetes mellitus: N (%) 0 3(10.3) 0.23
Hypertension: N (%) 5(38.5) 12 (41.4) 0.86
Dyslipidemia: N (%) 5(38.5) 13 (44.8) 0.70
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Ex-smoker & Current smoking N (%) 1(7.7) | 13 (44.8) 0.02
History & Physical Examination

Heart rate (bpm) (mean) 67.2 (11.7) 62.4 (11.2) 0.14
Systolic blood pressure (mmHg) (mean) 121.2 (14.9) 126.0 (11.7) 0.30
Diastolic blood pressure (mmHg) (mean) 76.2 (10.8) 79.8 (8.3) 0.41
Chest pain/tightness: N (%) 5(17.2) 6 (20.7) 0.23
Palpitations: N (%) 2 (15.4) 4(13.8) 0.89
Systolic ejection murmur: N (%) 5(38.5) 11 (37.9) 0.97
Pan-systolic murmur: N (%) 1(7.7) 4 (13.8) 0.57
Laboratory

Total Cholesterol (mg/dL) (mean) 193.5 (54.5) 169.8 (36.5) 0.18
Triglycerides (mg/dL) (mean) 128.6 (55.7) 170.9 (150.4) 0.87
Medication

Beta-blockers: N (%) 9 (69.2) 20 (69.0) 0.99
Statins: N (%) 3(23.1) 8 (27.6) 0.76
Anti-arrhythmic drugs: N (%) 1(7.7) 3(10.3) 0.79
RAAS drugs (%) 2(15.4) 9(31.0) 0.29

Data are presented as mean £SD, unless specified

For comparison of categorical data p value is based on Chi-Square test or Fisher’s exact test.

For comparison of continuous data p value is based on Wilcoxon Rank Sum test

Abbreviations: BSA: Body surface area; BMI: Body mass index; NSVT: Non-sustained ventricular
tachycardia; VT: Ventricular tachycardia; ICD: internal cardioverter and defibrillator; RAAS: Renin-
angiotensin-aldosterone system

Twenty four out 0f 29 (83%) patients in the NAC and 11/13 (85%) in the placebo groups completed
the 12-month duration of the study. The reasons for drop out were: lost to follow up (4 patients), unable to
commit time (one patient), non-study related surgical procedure requiring prolonged hospitalization (one
patient), and skin rash (one patient). Demographics of patients who completed the study did not differ
between the two groups. Compliance rate, determined by pill counting and patient interview in each visit,
was high, as the participants consumed 92+8% (range 66 to 100%) of the prescribed study drug.

Biochemical laboratory values, including blood chemistry, kidney function and liver function tests
did not significantly change in either of the study groups during the course of 12 months (data not shown).

Pathogenic variants in the known HCM genes.

Thirty-eight of the 42 participants in HALT-HCM study agreed to genetic testing by whole exome
sequencing (WES). Variant analysis led to identification of 42, including 11 novel (not reported in gnomAD
database) pathogenic variants in 26 (68%) participants in 19 known genes considered to be causes of HCM
(Table 3). TTN gene had the highest number of pathogenic variants (23, including 5 novel variants), likely
reflective of it enormous size, and all were missense variants with a CADD score of >10. Eight pathogenic
variants, including two indels, leading to frameshift; and one splice junction variant, in the MYBPC3 gene
were identified in 9 participants. Eleven participants had two or more pathogenic variants in the known
HCM genes, including one individual, who had 4 pathogenic, including 3 novel variants in the TTN, and
one pathogenic variant in the MYBPC3 genes.
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TABLE 3

Pathogenic Variants in the Participants in Known HCM Genes

Gene Variants with reads >10, Number | Gnomad CADD ClinVar Clinical
Genotype quality =99 of AF Phred Significance
individua Score
Is
ACTC1 | NM_005159:exon3:c.C299T: 1 0.000004 23.2 Uncertain
p-Pro100Leu Significance
ACTN2 | NM_001103:exonl6:c.G1864 1 0.0003 35 Conflicting
A: interpretations of
p.Asp622Asn pathogenicity
MYBPC | NM_000256:exon23:¢.2373du 1 0.000018 NA W792Ter, W792R,
3 pG: Pathogenic/
p-Trp792ValfsTer41 Likely pathogenic
MYBPC | NM_000256:exon16:c.G1468 1 0.0002 25.1 Conflicting
3 A: interpretations of
p.Gly490Arg pathogenicity
MYBPC | NM_000256:exon6:c.G655C: 1 Not listed 16.74 Pathogenic/
3 p.Val219Leu Likely pathogenic
MYBPC | NM_000256:exon12:c.G1000 1 0.0002 35 Conflicting
3 A: interpretations of
p-Glu334Lys pathogenicity
MYBPC | NM_000256:exon20:c.1928- 2% Not listed 16.32 Pathogenic
3 2A>G
MYBPC | NM 000256:exon12:c.1028de 1 Not listed NA Pathogenic
3 IC:
p-Thr343fs
MYBPC | NM_000256:exon22:¢c.G2308 1 0.000016 35 Pathogenic/
3 A: Likely pathogenic
p.Asp770Asn
MYBPC | NM_000256:exonl6:c.G1484 1 0.00002 27.6 Pathogenic/
3 A: Likely pathogenic
p.-Arg495GIn
MYH7 | NM_000257:exon23:¢.C2722 1 0.00003 18.46 Conflicting
G: interpretations of
p.Leu908Val pathogenicity
MYH7 | NM_000257:exon21:c.G2330 1 Not listed 24.9 Pathogenic
C:
p.Arg777Thr
MYL2 NM _000432:exon2:c.G37A: 3* 0.0003 16.11 Conflicting
p.Alal3Thr interpretations of
pathogenicity
TNNT2 | NM_000364:exon10:c.C304T: 3* 0.000004 20.9 Pathogenic/
p.Argl02Trp Likely pathogenic
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TTN NM_001267550:ex0n326:¢.G 1 0.000012 15.71
78394A: 25
p.Asp26132Asn
TTN NM_001267550:ex0n298:¢.G 1 Not listed 13.82
58491A:
p.Met194971le
TTN NM_001267550:exon117:c.C 1 0.000001 17.89
31384A: 187
p.Pro10462Thr
TTN NM_001267550:ex0n63:c.C1 1 Not listed 12.97
8389G:
p.Thr6130Arg
TTN NM_001267550:exon300:c.C 1 Not listed 10.15
59315T:
p.Prol19772Leu
TTN NM_001267550:exon133:¢c.G 1 0.000962 12.38
32743C: 0
p.Alal0915Pro
TTN NM_001267550:exon269:c.C 1 0.000240 14
50758G: 0
p-Pro16920Ala
TTN NM_001267550:ex0on358:c.A 1 0.000000 11.53
106154C: 8134
p.Lys35385Thr
TTN NM_001267550:ex0on326:c.A 1 0.000203 12.49
74596G: 5
p-Thr24866Ala
TTN NM_001267550:exon152:¢c.C 1 0.000008 18.58
34778T: 603
p-Prol1593Leu
TTN NM_001267550:exon335:¢c.T 1 0.000146 16.06
90913C: 8
p.Tyr30305His
TTN NM_001267550:exon358:c.C 1 0.000093 16.42
101281T: 94
p.Arg33761Trp
TTN NM_001267550:ex0n345:¢.G 1 Not listed 12.5
95743A:
p.Ala31915Trp
TTN NM_001267550:exon326:c.C 1 0.000050 13.89 Uncertain
85471T: 74 Significance
p-Arg28491Cys
TTN NM_001267550:exon318:¢c.G 1 Not listed 11.25
67318A:
p.Gly22440Ser
TTN NM 133379:exon46:¢c.T1128 1 Not listed 16
9A:
p.Asp3763Glu
TTN NM_001267550:exon318:c.A 3* 0.000049 10.46
67104C:
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p.Lys22368Asn
TTN NM 001267550:exon326:¢c.G 1 0.000478 23.8 p-Gly27604Arg:
82810A: 3 Uncertain
p.Gly27604Ser Significance
TTN NM_001267550:exon28:¢.C5 1 0.000264 11.69 Uncertain
198T: 0 Significance
p.Thr1733Met
TTN NM_001267550:ex0on358:c.A 1 0.000073 13.21
103591G: 14
p.Lys34531Glu
TTN NM_001267550:exon324:¢.G 1 0.000254 12.56
68864C: 7
p.Gly22955Ala

* Family members

Abbreviations: ACTC1: Cardiac o actin; ACTN2: o Actinin 2; MYBPC3: Myosin binding protein C3;
MYH7: Myosin heavy chain Y; MYL2: Myosin light chain 2; TNNT2: Cardiac troponin T; TTN: Titin; AF:
allele frequency; CADD: Combined Annotation Dependent Depletion

Clinical symptoms.

Ten out of 13 and 27/29 participants in the placebo and NAC groups, respectively, were in NYHA
functional class I or II (Online Table I). Only 5 patients in the study population were in class III and none
in class IV (Online Table I). Distribution of patients among NYHA functional classes did not differ
significantly between the placebo and NAC groups at the baseline and during the follow up intervals (Online
Table I). The change in NYHA functional class status of each patient during each follow up interval is
illustrated in Online Figure I. Frequency or severity of chest pain and palpitations did not change during
the study period (data not shown). No patient experienced syncope or near syncope during the study period.
All participants completed a 6-minute walk test without experiencing notable symptoms. There were no
differences in the mean distance walked at the baseline and the follow up time points between the two
groups (Online Figure II).

Electrocardiographic indices.

There were no significant differences in the electrocardiographic findings, including indices of
cardiac hypertrophy at the baseline or upon completion of the study (Online Table II). *'

Echocardiographic phenotypes.

Indices of left ventricular wall thickness, size, and function were not different between the placebo
and NAC groups at baseline and upon completion of the study (Table 4 and Online Table III).
Echocardiographic data in those who had baseline and 12-months studies were used to calculate the effect
sizes. The effect sizes of NAC on indices of cardiac hypertrophy and function, including Doppler indices
of left ventricular function were negligible to modest (Table 4). Likewise, when all patients who
participated in the study were included in the analysis (intention to treat analysis), there were no discernible
differences in echocardiographic or Doppler indices of left ventricular size and function between the
placebo and NAC groups in a model that included interaction between the study groups and the follow up
time (Online Table III).
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Echocardiographic Phenotypes (Per-Protocol analysis)
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Placebo NAC
N 1 24
M/E 9/2 18/6 AT -
Age 4935 (1521 18(1 P | o505 | SE | csive
e 35(15.21) 50.18 (15.86) (95% t size
Baselin | Follow | Delta ( | Baselin | Follow | Delta ( cn
e -up A) e -up A)
Body 1.58
: 88.03 | 89.44 90.82 | 92.94 0.7
weight 1.40 2.12 -2.82, | 2.16 | 0.1
o (23.30) | (22.70) (16.91) | (17.96) 4| s,
BSA 205 | 207 21 | 212 09 | 000
(m2) ©032) | ©032) | %92 | 023) | 025 | 9 | 3 (606%‘)" vy 007
0.78
VST 18.00 | 17.82 18.88 | 17.92 0.5
ol con | @sn | 018 | sy | o | 0% |5 (_—30:5738), 135 | 023
1.77
LVPWT | 1355 | 13.27 1229 | 13.79 0.0
(mm) 359 | 38 | %27 | 269 | 196 | 0 | o (50835;’ 1021053
Maximu 0.79
mwall | 20.55 | 20.55 2054 | 1975 04 | Y
thickness | (324) | @.11) | 29 | @42) | @92 | 07 | 7 (12399;’ 1.07-) 030
(mm) )
LVEDD | 39.36 | 3991 3938 | 39.83 09 | %09
(= 642) | @n | %P | 74 | ©39 | % | 7 (35;);’ 20 mil
0.84
LVESD | 22.64 | 2155 2213 | 21.88 0.7
(mm) (5.16) | (3.8) 109 (6.06) | (5.29) A& 2 (;35873’ 232 0.14
112
EF (%)- | 69.45 | 68.55 6923 | 69.44 0.5
mean 653 | 517 | 0 | 680 | 612 | % | 9 (;3;38’ 2.02-) 020
A 8.56
7462 | 83.58 89.50 | 86.08 03| (-
XI‘I’II)“me 2734) | 27.83) | °% | @67 |16y | O | 3 | 2863 | 072 ] 0
11.52)
14.69
292.80
290.44 269.65 | 281.98 05| ( |251
LVM (g) (105'50 ©9.81) | 238 | 0417) | 8175y | 23 | 6 | 3632, o | O
65.69)
5.99
LVMI | 14195 | 14041 | | o | 12848 | 13292 | 0 |06 | (- |123|
@m2) | (50.14) | @727 | 43.60) | 3541 | * 3 | 1900, | 3 | ©
31.10)
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0.38
79.04 | 77.55 7053 | 74.79 08 | (-
Elems) | 116y | 1424y | *1° | 2023) | 224) | 38" | 5 | 1095, | 216 | 092
10.19)
0.367
71.00 | 64.29 63.04 | 6136 08 | (-
Alem) | os sy | arany | % | 2607) | @409 | 2 |6 | 1961, | 77| 020
12.77)
0.04
128 | 1.40 127 | 138 0.9
E/A oen | 05 | 0 | 03 | 030 | 3 | % ((-)0&65;, 0.24 | 0.05
414
IVRT 85.64 | 86 8225 | 87.79 05| (-
msec) | (12.85) | 1877y | 200 | (13.87) | 2086)| Z'* | 9 | 1619, | 278 | 016
24.48)
Septal Sa | 549 | 4.69 516 | 426 0.6 | 930
ems) | (189 | 179 | P8 | 083 | 163 | O | 3 (51227;’ 0.83 ) 0.39
Septal 0.02
449 | 517 479 | 445 0.4
Ea 20.02 20.04 (-1.68, | 0.77 | 0.03
ey | 209 | (149) (1.42) | (1.61) R
Lateral 0.36
513 | 453 553 | 5.05 0.7
Sa 2028 0.08 (-133,] 0.78 | 023
sy | 239 | (169 (1.51) | (1.84) 4| Ges
Lateral 2.12
617 | 9.14 700 | 636 0.0
Ea 2.36 0.24 (-5.44, | 153 | 0.64
e | @10 | 627 @2.16) | (2.35) 2 |
235
. ] 1880 | 1563 1526 | 18.97 0.2
E/e’ ratio ©9.14) | (633) -0.47 4.63) | (9.59) 1.88 1 (1-3;1(())), 3.69 | 0.53
LVOT 3.65
Gradient | 1045 | 15.73 1481 | 1575 0.6 | (-
atrest | (23.44) | 2844) | %7 | @514y | @son| 102 | 5 | 2205 | 398 ] 014
(mmHg) 14.75)
SAM: N 3 3 5
(%) LOON T o707 2 | (1250) | 2083)| 2 | NA| NA | NA T NA

All data are presented as mean (SD), unless specified

* Absolute value of AP1acebe_ ANAC

Abbreviations: NAC: N-acetylcysteine; M/F: Male/females; CI: Confidence interval; SE: Standard Error;
BSA: Body surface area; IVST: Interventricular septal thickness; LVPWT: Left ventricular posterior wall
thickness; LVEDD: Left ventricular end diastolic diameter; LVESD: Left ventricular end systolic diameter;
LVEF: Left ventricular ejection fraction; LA: left atrium; LVM: Left ventricular mass; LVMI: Left
ventricular mass indexed to body surface area; E: Mitral valve early inflow velocities; A: Mitral valve
inflow late velocities; IVRT: Isovolumic relaxation time; Septal Sa: Systolic mitral annulus velocity
measured at septal side of the mitral annulus; Septal Ea: Early diastolic mitral annulus velocity measured
at septal side of the mitral annulus; Lateral Sa: Systolic mitral annulus velocity measured at lateral side of
the mitral annulus; Lateral Ea: Early diastolic mitral annulus velocity measured at lateral side of the mitral
annulus; LVOT: left ventricular outflow tract gradient; SAM: Systolic anterior motion of the mitral leaflet;
CI: Confidence interval; SE: Standard error.
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CMR.

Data were available in 9 and 15 patients at the baseline in the placebo and NAC groups,
respectively, and in 8 and 10 patients at both time points. Data in those who had the baseline and follow up
data were used to calculate the effect sizes of NAC on indices of cardiac hypertrophy, fibrosis, and fibrosis
(LGE). As shown in Table 5, no large effect sizes on cardiac mass, LVEF, left ventricular mid wall strain,
and fibrosis were detected. Likewise, indices of left ventricular wall thickness, cavity size, and function as
well as mass were not significantly different between the two groups at baseline and upon completion of
the study in the intention to treat analysis (Online Table IV).

TABLE 5

Cardiovascular Magnetic Resonance (CMR) Phenotypes (Per-Protocol analysis)

Placebo NAC
N 8 10 APlaccho_ Eff
M/F 7/1 7/3 ANACR SE | ect
Age (year) 50.1 (17.9) 489 (16.2) Pl 95% siz
Baseline Follow- | Delta Baseline Follow- | Delta CI) e
up (Y] up ((4Y)
MWT 1695 | 1758 | (3 | 1680 | 1775 | oo |08 (_02'3535 131 0.1
(mm) (5.66) | o1 | @77 | 605 | L S | 6] 2
LVEDV | 18142 | 17513 | o | 1809 | 1790 | | o | 05 (_;‘6339 6.9 0.3
(ml) (4385 | (4792 | 77| (333D | @13y | 703 G oen |22
LVESV | 7820 | 7925 | | 757 772 | s |09 (_09'4758 48| 0.0
(ml) (27.82) | (30.89) | 0 | (18.61) | (2429) | 3| Toen | 2] ¢
1.38
5748 | 55.00 58.1 0.5 1.9 ] 02
V) - - -
LVEF (%) | 900y | (1005) | 2% | Gip | 57603 | 110 | 5 (52;;, gl
Xj‘&;}’ -13.86 | <1586 | | -1522 | -1478 | .| 00 (_01'7049 12| 0.0
srain (o) | G | G79) 2.66) | (2.37) 5 30 | 5| ®
Myocardia | 207.83 | 22129 | | 21489 | 23822 |, . | 04 (ja'%zl 4. 28
IMass () | (8238) | (87.65) | 00| 07.68) | 9972) | 77| 8 | {irne |32 3
EM (g) 53.67 | 5143 | o | 2967 | 3800 | .0 |03 (_1123'1978 12. | 0.4
8 45.03) | (25.53) | 1| (16.86) | (1857) | 2 | Sgary |00 6
1.67
2250 | 22.29 13.89 | 16.67 0.6 5.1 0.1
V) - -

VOO saay | sy |0 25 | sy |0 e | O 955) 6 | 4

All data are presented as Mean (SD), unless specified. p values are per mixed model analysis

* Absolute value of APaebo ANAC

Abbreviations: NAC: N-acetylcysteine; M/F: Male/females; MWT: Maximum wall thickness; LVEDV:
Left ventricular end diastolic volume; LVESV: Left ventricular end systolic volume; LVEF: Left
ventricular ejection fraction; LA: left atrium; EM: Enhanced myocardium; EV: Percent of myocardium
that has scar (percentage EM/MM); CI: Confidence interval; SE: Standard error
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Adverse and serious adverse effects.

There was no adverse event. A total of 6 serious adverse events in 5 individuals were recorded in
the study population and all occurred in the NAC group (Fisher exact test p=0.155). Two patients developed
pneumonia requiring treatment with antibiotics, two patients developed a cerebrovascular accident (CVA),
including one who had prior episodes of CV As and subsequently developed seizure. One patient developed
chest pain, which was determined not to be of cardiac origin. None of the serious adverse events was judged
to be the known side effect of the study drug.

DISCUSSION

The results of HALT-HCM, a single center randomized placebo-controlled feasibility study, were
notable for a relatively slow accrual rate of HCM patients but a high retention and compliance rates upon
enrollment. About one fifth of the 232 patients (42 patients) who were screened were recruited and
randomized. The compliance and retention rates at 12-month were high, which are notable considering that
most patients were asymptomatic or mildly symptomatic and did not have strong incentive to take the study
medication and undergo testing. The recruitment, retention, and compliance rates in a single center study
of HCM, which is an uncommon disease, might reflect the referral basis of the study population. The
findings also document the effect sizes of NAC on echocardiographic and CMR indices of cardiac
hypertrophy and fibrosis, which were relatively modest. The study sample size did not provide sufficient
power to determine efficacy of NAC in treatment of patients with HCM, except for detecting large changes
in the indices of cardiac hypertrophy and fibrosis. Overall, the findings have implications for the design of
future efficacy studies in patients with HCM.

The small sample size of the study prohibits from making firm conclusions about efficacy of NAC
in HCM. Nevertheless, the effect sizes of NAC, administered for one year at a high dose, on the
echocardiographic and CMR indices of cardiac hypertrophy and fibrosis were relatively small. The findings
were concordant, regardless of whether the data were analyzed by the ITT or PP approaches. Because the
study was performed in patients with established cardiac hypertrophy and fibrosis, the findings might not
pertain to evolving cardiac hypertrophy and fibrosis or prevention of the phenotype in HCM. Modest
statistical differences in a few echocardiographic indices, including tissue Doppler indices of left ventricular
function were noted between the baseline and follow up data in the placebo and treatment groups. However,
these differences did not follow a concordant pattern with the related phenotypes and were not consistent
across imaging modalities to suggest a clinical significance. Moreover, no changes in the clinical symptoms
and exercise tolerance in a 6-min walk test were observed, albeit most patients were asymptomatic or
minimally symptomatic and did not have exercise intolerance. There were a higher number of adverse
events in the NAC group, but the adverse events did not seem to be related to administration of NAC.

HALT-HCM was designed as a pilot feasibility study and not an efficacy study, It was designed to
provide information on recruitment, retention and compliance rates as well as tolerability and the effect
sizes of NAC on indices of cardiac hypertrophy and fibrosis for designing future efficacy studies. The plan
was to recruit 25 patients to the placebo and 50 patients to the NAC groups. However, only 42 patients
participated in one-year long HALT-HCM study. Approximately, half of the eligible patients, who were
mostly asymptomatic or mildly symptomatic, declined to participate (Figure 1). Data collected from those
who completed the one-year study were used to determine estimates and 95% confidence intervals for the
effect size of NAC on echocardiographic and CMR indices of cardiac hypertrophy, function, and fibrosis.
These effect sizes were small (Tables 4 and 5). A post-hoc analysis showed that the sample size of the
study provided 66% to detect 20% (26 g/m?) change and 84% power to detect a 25% (33 mg/m?) change in
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the mean LVMI, when a is set at 0.05. The study did not have sufficient power to detect smaller changes,
which might be more realistic, given the slow development of cardiac hypertrophy in HCM. Overall, the
small sample size of the study on indices of cardiac hypertrophy and fibrosis in HCM suggest that designing
and implementation of large-scale efficacy studies with NAC would be challenging.

HCM is a genetically and clinically heterogeneous disease. The spectrum of putative causal genes
and mutations in the study participants were in accord with the known genetic heterogeneity of HCM. ' The
abundance of the pathogenic variants in TTN was notable but likely reflects the enormous size of its main
transcript, coding for ~ 35,000 amino acids. Likewise, several individuals had multiple pathogenic variants
in genes known to cause HCM, which is in keeping with the oligogenic basis of a subset of HCM patients.
2 The variants were novel or rare (<1:1000 population frequency in the gnomeAD database) and were
considered pathogenic. However, given the study participants were either sporadic cases or members of
small families, causality of these variants in HCM could not be ascertained unambiguously. This is
particularly the case for the pathogenic variants in the TTN gene, because of the abundance of the non-
synonymous and truncating TTN variants in the general population. ** Consequently, the pathogenic
variants in the TTN gene identified in the HALT-HCM population may not be the true causes of HCM in
this population and/or might simply contribute or modify expression of the phenotype. **** Nevertheless,
a subgroup analysis in those carrying pathogenic variants in the TTN gene also showed no discernible effect
of NAC on cardiac phenotype in HCM (Online Table V). Give the small number of the participants with
each pathogenic variant and other genes, no additional gene-dependent analysis was performed.

The null findings of the study with regards to the effects of NAC on cardiac hypertrophy and
fibrosis are in discord with the results of experimental studies in animal models of HCM, where treatment
with NAC was highly effective in attenuating established hypertrophy and fibrosis. '>"'” Such conflicting
findings also have been observed in studies of other pharmacological interventions in HCM, including
studies with statins and inhibitors of the renin-angiotensin-aldosterone system, where the efficacy of these
pharmacological agents in treatment of human patients with HCM has not been substantiated, despite the
beneficial effects in animal models of HCM. '* ' 1335 The differences in the results of experimental
therapies in model organisms and clinical trials in humans are likely multifarious and not uncommon. ¢*
The differences in part may reflect extreme genetic heterogeneity of human patients with HCM, as opposed
to the model organisms, where a single genetic mutation is introduced in a congenic background to induce
the phenotype. Likewise, numerous other biological differences between humans and model organisms,
including the confounding effects of the environmental factors and microbiome. *” Finally, shortcomings
of the study design in some of the experimental studies, such as introduction of unconscious biases in group
assignment, data acquisition, and interpretation might contribute to failure to extend the findings in the
model organisms to humans. ***°

In conclusions, the results of the HALT-HCM, a pilot feasibility study, showed small effect sizes
of treatment with a high dose of NAC for 12 months on indices of cardiac hypertrophy and fibrosis in
patients with established HCM. A higher number of adverse events occurred in the NAC group, but these
events did not seem to be related to administration of NAC. The small sample size of the study did not
enable assessing efficacy of NAC. Data on recruitment, retention, compliance and the effect sizes of NAC
on indices of cardiac hypertrophy and fibrosis might provide guidance in designing efficacy studies in
HCM.
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FIGURE LEGENDS
Figure 1. Consort chart showing screening, recruitment, and randomization process
* Some individuals had more than one exclusion criteria.
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NOVELTY AND SIGNIFICANCE

What Is Known?

Hypertrophic cardiomyopathy is caused mainly by mutations in genes encoding sarcomere
proteins.

Cardiac hypertrophy and fibrosis, important determinants of clinical outcomes, are considered
secondary to the activation of numerous trophic and mitotic pathways, including oxidative stress-
responsive mechanisms.

Studies in animal models of HCM have shown that cardiac hypertrophy and fibrosis are reversible
upon pharmacological interventions, including treatment with N-acetylcysteine (NAC), a precursor
to glutathione.

What New Information Does This Article Contribute?

“Hypertrophy Regression with N-AcetyLcysTeine in Hypertrophic CardioMyopathy” (HALT-
HCM) is a double blind randomized, sex-matched, placebo-control study (N=42 patients) designed
to test feasibility and determine effect sizes of NAC on indices of cardiac hypertrophy and fibrosis
in patients with established HCM.

Recruitment rate was slow but retention and compliance rates were high.
About 2/3 of the participants had one or more pathogenic variants in genes known to cause HCM

Treatment with a high dose of NAC for 12 months had negligible to modest effect sizes on indices
of cardiac hypertrophy and fibrosis in patients with established HCM.

HCM is an important cause of sudden cardiac death in the young and heart failure with preserved ejection
fraction. There is no effective pharmacological treatment for reversing or preventing cardiac hypertrophy
and fibrosis in patients with HCM. Pharmacological interventions in animal models of HCM have shown
reversibility of cardiac hypertrophy and fibrosis upon treatment with NAC. The findings in human patients,
however, are notable for negligible or modest effect sizes on indices of cardiac hypertrophy and fibrosis.
The small sample size of the study may have precluded firm conclusions about the efficacy of NAC in
treatment of patients with HCM.

DOI: 10.1161/CIRCRESAHA.117.312647 21
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FIGURE

Screened
N=232
¥ ¥
Eligible Not Eligible
N=85 N=147
4 v v
Not enrolled Enrolled Reasons for exclusion®
N=43 N=42 Septal thickness <15 mm: 55
Coronary artery disease: 21
¥ Uncontrolled hypertension: g
Valvular heart disease: 49
Reasons for not enrolling Others: 53
«  Declined to participate: 28
*  Did not respond to invitation: 15 1
Randomized
N=42
I
[ 1
Placebo NAC
N=13 N=29
| |
[ 1 [ 1
Completed Drop out Drop out Completed
N=11 N=2 N=35 N=24




8T0Z ‘vT UORIN UD NV IV 1TV Aq /BI0'S[euinofeue'sasoa10//:dny woly pepeojumod

Circulation i’jH’"t
Research

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Hypertrophy Regression with N-AcetyLcysTeinein Hypertrophic CardioMyopathy
(HALT-HCM): A Randomized Placebo Controlled Double Blind Pilot Study
Ali JMarian, Yanli Tan, Lili Li, Jeffrey T Chang, Petros Syrris, Manouchehr Hessabi, Mohammad H
Rahbar, James T Willerson, Benjamin Y Cheong, Chia-Ying Liu, Neal SKleiman, David A Bluemke
and Sherif F Nagueh

Circ Res. published online March 14, 2018;
Circulation Research is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2018 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7330. Online ISSN: 1524-4571

The online version of this article, aong with updated information and services, islocated on the
World Wide Web at:
http://circres.ahgjournal s.org/content/early/2018/03/14/CIRCRESAHA . 117.312647

Data Supplement (unedited) at:
http://circres.ahajournal s.org/content/suppl/2018/03/13/CIRCRESAHA.117.312647.DC1

Permissions. Requests for permissions to reproduce figures, tables, or portions of articles originally published in
Circulation Research can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial
Office. Once the online version of the published article for which permission is being requested is located, click
Request Permissions in the middle column of the Web page under Services. Further information about this processis
available in the Permissions and Rights Question and Answer document.

Reprints: Information about reprints can be found online at:
http://www.Ilww.com/reprints

Subscriptions: Information about subscribing to Circulation Research is online at:
http://circres.ahajournal s.org//subscriptions/




Hypertrophy Regression with N-AcetyLcysTeine in Hypertrophic CardioMyopathy (HALT-HCM):

A Randomized Placebo Controlled Double Blind Pilot Study

Ali J. Marian, M.D., Yanli Tan, R.N., Lili Li, Rh.D., Jeffrey Chang, Rh.D., Petros Syrris, M.D., Manouchehr
Hessabi, M.D., Mohammad Rahbar, Oh.D., James T. Willerson, M.D., Benjamin Cheong, M.D., Chia-Ying Liu,
Ph.D., Neal S. Kleiman, M.D., David A. Bluemke, M.D., Sherif F. Nagueh, M.D.

Address for Correspondence and Reprints:

AlJ Marian, M.D.

Brown Foundation Institute of Molecular Medicine
The University of Texas Health Sciences Center
6770 Bertner Street, Suite C900A

Houston, TX 77030

Phone: 713 500 2350

Fax: 713 500 2320

Ali.J.Marian(@uth.tmc.edu




Placebo N-Acetylcysteine
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Online Figure I. Heat maps showing changes in New York Heart Association Functional Class in each individual at four
time points. No significant difference was noted in any of the four time points in NYHA functional classes between the
placebo and N-acetylcysteine groups. Each horizontal line indicate one individual. The number in each box indicates
NYHA functional class. X indicates missing data.



6-Minute Walk Test
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Online Figure II. Distance (meter) walked in 6 minutes by the study participants. There
were no differences between the two groups in the distance walked in 6 minutes at the
baseline and three follow up time points. Mean and SD data are shown.

Blue: Placebo; Red: N-acetylcysteine



ONLINE TABLE I

New York Heart Association Functional Class at the Baseline and Follow up Time Points

Placebo (N=13)

NAC (N=29)

Baseline | 3 months 12 months | Baseline | 3 months | 6 months | 12 months
Class I 9 16 18 18 14
Class 1T 2 11 5 6 9
Class III 3 0 0 2 0 0 1
Class IV 0 0 0 0 0 0 0




ONLINE TABLE 11

Electrocardiogram Phenotypes (Intention-to-treat analysis)

Placebo NAC Interaction

Baseline 12 Months p Baseline 12 Months p p
N 13 11 29 24
M/F 10/3 9/2 22/7 18/6
Age (years) 47.6 (15.1) 50.35 (15.2) 50.7 (15.0) 51.15 (15.8) 0.04
Body weight (Kg) 89.3 (22.9) 89.4 (22.7) 0.22 92.6 (19.5) 92.9 (18.0) 0.14 0.75
BSA (m2) 2.07 (0.33) 2.07 (0.32) 0.16 2.12 (0.27) 2.12 (0.25) 0.31 0.93
Heart rate (bpm) 13 66.2 (11.8) 11 60.4 (11.4) | 0.06 | 29 62.4 (11.2) 24 61.1(10.7) | 0.49 0.14
Atrial Fibrillation/
Flutter (N) 13 0 10 0 NA | 28 1 22 1 NA NA
Paced rhythm (N) 13 0 10 1 NA | 28 1 22 3 0.15 0.94
(CI\‘I’)nducuon defect 13 4 10 2 0.24 | 28 9 2 9 032 | o012
f;;h"loglcal Qwaves | 3 I 10 I 0.84 | 28 5 2 2 043 | 054
Left ventricular
hypertrophy (N) 13 6 10 7 0.27 | 28 20 22 19 0.16 0.71
QT interval (mean) 13 444.1 (37.7) 10 452.6 (33.0) | 0.18 | 29 | 458.4(37.4) 24 | 448.8 (37.0) | 0.12 0.053
(sg)& T abnormalities | 12 10 8 0.44 | 28 20 2 16 061 | 047
LVH Score - Estes 13 6.2 (4.0) 10 6.2 (3.8) 0.23 | 29 5.7 (3.0) 24 6.0 (2.9) 0.70 0.48

All data are presented as mean (SD), unless specified

Abbreviations: M/F: Male/Female; NAC: N-acetylcysteine; BSA: Body surface area; LVH: Left ventricular hypertrophy;




ONLINE TABLE III

Echocardiographic Phenotypes (Intention-to-treat analysis)

Placebo NAC Interaction
Baseline 12 Months p Baseline 12 Months p p
N 13 11 29 24
M/F 10/3 9/2 22/7 18/6
Age (years) 47.6 (15.1) 50.35 (15.2) 50.7 (15.0) 51.15 (15.8) 0.04
Body weight (kg) 89.3 (22.9) 89.4 (22.7) 0.22 92.6 (19.5) 92.9 (18.0) 0.14 0.75
BSA (m2) 2.07 (0.33) 2.07 (0.32) 0.16 2.12 (0.27) 2.12 (0.25) 0.31 0.93
Echocardiographic N Mean N Mean N Mean N Mean
Phenotypes
IVST (mm) 13 17.08 (4.35) 11 17.82(4.87) | 0.94 | 29 18.45 (4.30) |24 | 17.92(3.30) 0.34 0.44
LVPWT (mm) 13 13.08 (3.48) 11 13.27(3.80) | 0.92 | 29 12.41 (2.67) |24 | 13.79(1.96) | 0.008 0.15
Maximum wall
thickness (mm) 13 19.77 (3.56) 11 20.54 (4.11) | 098 | 29 20.00 (4.25) |24 | 19.75(2.92) 0.39 0.39
LVEDD (mm) 13 40.15 (6.34) 11 3991 (2.70) | 093 | 29 40.03 (7.52) |24 | 39.83(6.34) 0.98 0.99
LVESD (mm) 13 23.31(5.25) 11 21.55(3.80) | 0.35] 29 2224 (5.77) |24 | 21.88(5.29) 0.79 0.57
LVEF (%)-mean 13 69.56 (6.03) 11 68.55(5.17) | 0.56 | 29 69.59 (6.22) |24 | 69.44(6.12) 0.95 0.61
LA Volume (ml) 11 69.47 (27.02) 9 83.58 (27.83) | 0.11 25 87.85(28.00) | 19 | 86.08 (31.63) | 0.96 0.28
290.44 270.78 281.98
LVM (g) 13 | 281.66 (103.04) | 11 (99.81) 098 | 29 (94.98) 24 (81.75) 0.41 0.67
140.41 127.67 132.92
LVMI (g/m2) 13 136.78 (49.65) | 11 (47.27) 098 | 29 (42.70) 24 (35.41) 0.49 0.73
E (cm) 10 79.17 (16.25) 11 | 77.55(14.24) | 0.85 ] 28 71.85(19.00) | 23 | 74.79 (22.40) | 0.10 0.81
A (cm) 10 70.61 (23.40) 11 | 64.29 (31.31) | 0.78 ) 27 66.06 (26.20) | 22 | 61.36 (24.09) | 0.48 0.81
E/A ratio 10 1.27 (0.61) 11 1.40 (0.54) 0.61 27 1.22 (0.44) 22 1.38 (0.56) 0.16 0.88
IVRT (msec) 12 84.42 (12.96) 9 86.00 (18.77) | 0.70 19 82.84 (12.90) | 19 | 87.79 (20.86) | 0.38 0.71
Septal Sa (cm/s) 10 5.42 (1.79) 7 4.69 (1.79) 0.03 18 5.19 (1.09) 16 4.26 (1.63) 0.046 0.67
Septal Ea (cm/s) 10 4.63 (1.98) 7 5.17 (1.48) 0.54 19 4.65 (1.44) 15 4.45 (1.61) 0.72 0.59
Lateral Sa (cm/s) 9 5.38 (2.18) 7 4.53 (1.69) 0.43 19 5.56 (1.64) 14 5.05 (1.84) 0.60 0.68
Lateral Ea (cm/s) 9 6.92 (2.51) 7 9.14 (3.27) 0.06 18 7.09 (2.25) 14 6.36 (2.35) 0.50 0.04




E/e’ ratio 9 | 18.48(857) | 8 | 15.62(6.33) | 0.66| 22 | 1687(8.62) | 19| 18.97(9.59) | 0.30 0.32
LVOT Gradient at 13 | 885(21.76) | 11 | 15.73(28.44) | 0.46 | 25 | 13.12(23.48) | 22 | 15.75(25.02) | 0.69 0.63
rest (mmHg)

SAM: N (%) 10 1 (10.0) 10 4 (40) 023 | 20 6 (25) 19| 52635 | 085 NA

All data are presented as mean (SD), unless specified

Abbreviations: NAC: N-acetylcysteine; M/F: Male/females; CI: Confidence interval, SE: Standard Error; BSA: Body surface area; IVST:
Interventricular septal thickness; LVPWT: Left ventricular posterior wall thickness; LVEDD: Left ventricular end diastolic diameter; LVESD: Left
ventricular end systolic diameter; LVEF: Left ventricular ejection fraction; LA: left atrium; LVM: Left ventricular mass; LVMI: Left ventricular
mass indexed to body surface area; E: Mitral valve early inflow velocities; A: Mitral valve inflow late velocities; [IVRT: Isovolumic relaxation time;
Septal Sa: Systolic mitral annulus velocity measured at septal side of the mitral annulus; Septal Ea: Early diastolic mitral annulus velocity measured
at septal side of the mitral annulus; Lateral Sa: Systolic mitral annulus velocity measured at lateral side of the mitral annulus; Lateral Ea: Early
diastolic mitral annulus velocity measured at lateral side of the mitral annulus; LVOT: left ventricular outflow tract gradient; SAM: Systolic anterior

motion of the mitral leaflet.




ONLINE TABLE 1V

CMR Phenotypes (Intention-to-treat analysis)

-14.8 (3.50) -15.86 (3.74) | 0.16 | 15 | -1532(2.24) | 10 | -14.78(2.37) | 0.32 0.04

Myocardial Mass (g) 191.86 (86.27) 221.29 (87.65) | 0.85 ] 14 | 211.21 (85.10)
EM (g) 48.00 (43.75) 51.43 (25.53) | 0.75] 14 | 27.57 (15.37)
EV (%) 7 1.21.29(14.19) | 7 22.29(5.88) ] 0.89] 14 12.93 (5.10)
All data are presented as Mean (SD), unless specified

strain (%)

238.22 (99.72) | 0.33 0.56
38.00 (18.57) | 0.14 0.35
16.67 (7.84) | 0.30 0.59

Placebo NAC Interaction
Baseline 12 Months D Baseline 12 Months D D

N 9 8 15 10
M/F 7/2 7/1 12/3 7/3
Age (years) 47.6 (18.4) 51.1 (17.9) 48.0 (14.8) 49.9 (16.2) 0.22
Body weight (Kg) 84.2 (17.1) 85.8 (16.4) 0.45 90.4 (18.1) 93.6 (17.7) 0.08 0.27
BSA (rnz) 1.98 (0.24) 2.03 (0.24) 0.30 2.08 (0.25) 2.11 (0.25) 0.21 0.47
CMR N Means N Means N Means N Means
MWT (mm) 9 16.40 (5.54) 8 17.58 (4.01) 0.38 1 15 16.14 (4.11) 10 17.75 (6.05) 0.37 0.80
LVEDV (ml) 9 17548 44.71) | 8 | 175.13(47.92) | 0.21 ) 15 | 177.20(36.43) | 10 | 179.00 (41.31) | 0.60 0.51
LVESV (ml) 9 76.28 (26.65) | 8 79.25 (30.89) | 0.80 ] 15 73.67 (17.01) | 10 | 77.20 (24.29) | 0.73 0.93
LVEF (%) 9 56.98 (8.55) 8 55.00 (10.95) |1 0.20] 15 58.27 (6.19) 10 57.00 (8.03) 0.30 0.48
Mean LV mid wall

8 7

7 7

7 7

O |\O |\©

Abbreviations: CMR; Cardiac magnetic resonance; NAC: N-acetylcysteine; M/F: Male/Female; BSA: Body surface area; MWT: Maximum wall
thickness; LVEDV: Left ventricular end diastolic volume; LVESV: Left ventricular end systolic volume; LVEF: Left ventricular ejection fraction;
LV: Left ventricle; EM: Enhanced myocardium; EV: Percent of myocardium that has scar (percentage of EM/MM)



Online Table V

Echocardiographic Phenotypes in Participants with Pathogenic Variants in 7TN Gene

Placebo NAC
N 6 6 Placebo A NAC
A -ANAC* | standard | Effect
M/F 5/1 42 P . .
Age (year) 49.40 (13.17) 53.888 (16.50) (5% CI) error size
Baseline Follow-up | Delta (A) Baseline Follow-up Delta (A)
Body 1.29
weight (Kgy | $8:98(18.50) | 91.41(17.56) 2.42 90.65 (16.48) | 91.78 (18.44) L4062 | o5 2.52 0.32
BSA (m2) 2.08 (0.28) 2.12 (0.28) 0.03 2.1(0.25) 2.08 (0.26) 0.02 066 | 10(')0%) ) 0.04 0.32
IVST (mm) | 18.17 (2.64) 17.50 (3.02) -0.67 20.33 (3.98) 19.33 (3.78) 100 | 077 | 705'33 08) 1.09 0.24
LVPWT 0.83
(o) 11.50 (3.21) 12.50 (4.72) 1.00 12.50 (1.64) 14.33 (2.66) 1.83 0.65 | 317 4.84) 1.80 0.22
Maximum
wall 19.33 (3.44) 19.17 (4.49) -0.17 23.00 (4.82) 20.50 (2.74) 250 | 0.28 2.33 2.04 0.70
thickness 22 1 S ' AR SR ' : (-6.87, 2.207) ' '
(mm)
(errﬁ?D 37.50 (7.87) 39.83 (3.1) 2.33 41.00 (6.26) 42.33 (5.78) 1.33 077 | g 41402 44 3.34 0.15
(Ln‘frﬁ)SD 20.67 (5.47) 21.17 (2.4) 0.50 24.67 (6.02) 22.50 (7.37) 2171032 32i6; %) 2.53 0.70
0/~
iFea(rf’) 72.15 (4.56) 68.92 (5.46) 323 68.68 (9.37) 68.72 (7.20) 0.03 044 | 8;'2172 35) 4.08 0.58
(LH‘?DV"I“me 82.82 (31.57) | 87.67(33.45) 9.48 92.38(25.13) | 90.70(37.03) 0.14 072 | s, 292'3‘3‘8 sqy | 2077 0.46
LVM (g) 233.69(95.11) | 264.49 (118.99) | 30.80 | 323.70 (108.44) | 327.65(106.04) |  3.96 056 | 62866833 1oy | 4485 0.43
LVMI 109.18 (37.46) | 123.17(52.44) | 13.98 157.15(52.72) | 156.08 (44.13) 1.07 | 0.46 15.05 19.73 0.51
(g/m2) (-59.00, 28.90)
E (cnv/s) 80.03 (20.20) | 84.38 (12.87) 435 79.38 (18.69) | 84.92(21.36) 5.53 090 | (g 512'120 %0) 8.84 0.07
A (cm/s) 68.10 (25.55) | 66.78 (31.41) -1.32 69.56 (23.29) | 63.46 (20.05) 610 | 062 | ) ;‘(ﬁ 6.14) 9.34 0.24
E/A 1.34 (0.72) 1.49 (0.68) 0.14 1.30 (0.37) 1.50 (0.49) 0.19 091 | (4 906'051 06) 0.44 0.05
IVRT 13.75
(tasec) 79.33 (3.89) | 83.75(12.07) 2.25 72.75 (111.00) | 98.40 (29.53) 1600 | 016 | 10 60’57 48) 17.01 0.74




Septal Sa

0.50

(cm/s) 6.45 (2.02) 5.12 (1.99) -1.05 5.30(0.57) 3.66 (1.15) -1.55 0.65 (-3.20,2.20) 0.97 0.42
Septal Ea 0.85

(cm/s) 5.50 (2.45) 5.36 (1.71) -0.15 4.57 (1.00) 3.44 (0.88) -1.00 0.32 (-3.19, 1.50) 0.84 1.10
Lateral Sa 0.33

(cm/s) 5.46 (2.37) 4.68 (2.05) 0.28 5.04 (1.64) 6.20 (2.26) -0.05 0.30 (-2.70, 2.05) 0.85 0.31
Lateral Ea 1.50

(cm/s) 6.66 (1.60) 9.28 (3.98) 2.70 5.97 (2.04) 7.90 (4.10) 1.20 0.36 (951, 6.51) 2.89 0.41
E/e’ ratio 17.28 (10.25) 15.82 (7.47) 0.18 17.15 (3.48) 27.10 (7.80) 11.37 0.02 a 2111'2119 16) 4.08 2.41
LVOT

Gradient at 24.00

rest 8.50 (20.82) 15.73 (28.44) 0.33 3.75 (7.75) 17.60 (34.54) 24.33 0.15 (-62.03, 110.0) 13.10 29.39
(mmHg)

SAM: N 1 1 0 0 0 0 NA NA NA NA

All data are presented as mean (SD), unless specified

* Absolute value of APReet ANAC
Abbreviations: NAC: N-acetylcysteine; M/F: Male/females; CI: Confidence interval; SE: Standard Error; BSA: Body surface area; IVST:
Interventricular septal thickness; LVPWT: Left ventricular posterior wall thickness; LVEDD: Left ventricular end diastolic diameter; LVESD:

Left ventricular end systolic diameter; LVEF: Left ventricular ejection fraction; LA: left atrium; LVM: Left ventricular mass; LVMI: Left

ventricular mass indexed to body surface area; E: Mitral valve early inflow velocities; A: Mitral valve inflow late velocities; IVRT: Isovolumic

relaxation time; Septal Sa: Systolic mitral annulus velocity measured at septal side of the mitral annulus; Septal Ea: Early diastolic mitral

annulus velocity measured at septal side of the mitral annulus; Lateral Sa: Systolic mitral annulus velocity measured at lateral side of the mitral

annulus; Lateral Ea: Early diastolic mitral annulus velocity measured at lateral side of the mitral annulus; LVOT: left ventricular outflow tract

gradient; SAM: Systolic anterior motion of the mitral leaflet.




